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CO~IBUSTIOX EFFICIENCIES AS RELATED TO 
PERFORJVIANCE OF DOMESTIC 
HEATING PLANTS 
l. INTRODUCTION 
1. Introductory Statement.-The amount of fuel consumed by an 
individual domestic heating plant is negligible in comparison with 
that consumed in a large generating station. On the other hand, the 
number of domestic heating plants is so overwhelmingly great as 
compared with that of generating stations, that the total amount of 
fuel consumed by the aggregate of domestic plants is of sufficient 
magnitude to warrant as serious consideration of the fuel problems 
arising in these plants as is given in the case of large central station 
units. In the latter case elaborate equipment, complicated control 
devices, numerous instruments, adequately prepared fuels, and com-
petent trained firem en insure that the most effccti vc utilization of the 
energy of the fuel is attained. In the case of domestic heating plants, 
equipment and controls arc relatively simple, recording and indicating 
instruments are not used, and amateur caretakers assume the opera-
tion of the plant. From this unfavorable comparison of the operating 
conditions in the domestic heating plant with those in the central 
station unit, a superficial conclusion might be drawn that, from the 
standpoint of the effectiveness of utilization of the energy in the fuel , 
the comparison would be equally unfavorable to the domestic plant. 
In fact, many estimates of the probable fuel consumption in domestic 
plants are based upon the premise that the attainable overall efficiency 
for even well-handled domestic heating plants is of the order of that 
represented by the efficiency at the boiler outlet or the warm-air 
furnace bonnet. The apparently logical conclusion based on this 
premise is not correct. On the contrary, in any reasonably well in-
stalled and carefully handled domestic heating plant, completely con-
tained within the building, the overall efficiency of utilization of 
energy, or that available to offset the heat loss from the structure, 
may be of the ord~r of from 75 to 95 per cent of the energy in the fuel 
fired. Data substantiating this conclusion were obtained in the Warm-
Air Heating Research Residence, located at the University of Illinois , 
and have been published in a previous Engineering Experiment Station 
Bulletin.* This overall efficiency in the utilization of the energy has 
been designated as the overall house efficiency, and is largely depend-
*"Investigation of 'Varm Air Furnaces and Heating Systems, Part IV ," Univ. of Ill. Erfg. 
Exp. Sta. Bui. 189, pp. 46-55 , 1929. 
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ent on t he tem perature and \\·eight of flu e gases. Th ese a re a lso t he 
ma in fac tors determining t he combust ion effi ciency of the heating unit. 
Thus, t he overa ll house effi ciency and th e combustion effi c i en c~· arc 
directly related, and in any ind iYidua l case t he most promising attack 
on the prob lem of imprO\·i ng the oYera ll house effi ciency consists of a 
study of t he means of improYing t he combustion effi ciency. 
The obj ect of t he ana lysis made in thi s circul ar was , th erefore, t o 
pro"ide a simple means o f cYaluating t he combustion effi ciency , based 
on easily measured quanti t ies, such as flue gas temperature and C02 
content of t he gases, t hat coul d be used in connection wit h inst a lled 
heating units on which it was impossible or inconvenient t o make more 
elaborate tests. The sources of info rmation arc widespread and 
probably well known t o combustion experts, but such information 
has not been avail able in conso lida ted fo rm to t he practising engineers 
entrusted wi t h the problems in domestic heating. 
2. A cknowledgrnents.- Thi s ana lysis has been made in cident to t he 
innstiga tion of warm-air furn aces and heating systems. This inYesti-
gation is a cooperative proj ect sponsored joint ly by t he Engineering 
Experiment Station and t he K ationa l W arm-Air H eating and Air 
Conditioning Association , and conducted in t he D epartment of :\le-
chanical E ngineering. The in\'estigation is being conducted under t he 
general administrative direction of D EAK M . L . E NGER, Director of 
the Engineering E xperiment Station , and of PROFESSOR 0 . A. L Evr-
WILER, H ead of t he D epa rt ment of ::\1echani cal Engineering. 
II . E FFICIEKCY 
3. D efini tion and D esignation of Efficiency.- Th e ordin ary resi-
dence, which encloses the heating plant, can be considered as a ca lo-
rimeter in which , in the case of an inside chimney, t he only ul t imate 
loss of heat is that associated " ·it h t he flue gases at t he roof line, and 
the carbon in the ash and refuse in t he case of coal-fired furnaces. The 
latt er loss is small , and for the purposes of t his ana lysis has been di s-
regarded by basing all effi ciencies of coal-fired fum aces on t he fuel 
burned rather than on t he fuel fired . The line diagram in Fig. 1 shows 
the distribut ion of the heat generated in a warm-air furnace. A similar 
analysis is a lso applicable to other types of plants. Item h represents 
the heat generated by the combustion of the fuel burned , and item f 
the heat appearing in the vrnrm a ir delivered at the regist er faces. In 
practice, tor the design of heating plants, item f for t he furnace unit is 
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made at least equal to the calcul ated tota l hea t losses from t he struc-
t ure, and the ratio f / h is designated as t he effi ciency at the regis ters. 
The heat loss from t he warm-a ir duct s, item e, is also pa rt ly available 
to offset the heat loss from t he liYing quar ters, and hence cannot be 
considered as a true loss. This regain , or Yagrant heat , is not under im-
mediate control , but nevertheless, from the standpoin t o f usefuln ess in 
offsetting the heat loss from the stru cture, it is just as effective as th at 
delinred directly from the " ·a rm-a ir registers. The sum of items e 
and f , t ermed bonnet capacity, is the quanti ty specified in furn ace 
· d 1 . e +f. d . l I b ffi . ratmgs, an t 1e ra t10 -- 1s es1gnatec as t le onnet e ciency . 
h 
Item d, represent ing the heat loss from t he furn ace casing to t he base-
ment a ir and to t he floor , constitutes a second source of vagrant heat, 
and is partly ut ilized in the structure. 
The sum of items d, e, and f subtracted from item h should be equ al 
to the heat appearing in t he flue gases, item g, at the smoke outlet of 
t he furnace. The ratio h - g is defined as t he combus tion effi ciency. 
h 
In case there are no unburned combustibles in t he flue gases the com-
bustion efficiency thus defined is a measure of the effectiveness of the 
utilization of the energy which is released in the furnace as represented 
by the heat imparted to the circulating air and to the environment 
of the furnace. 
8 ILLl'.\OIS E:>/Gf'.\EERl'.\G EXPERl;\IE'.\T STATIO'.\ 
A third source of vagrant heat is the smoke pipe and chimney, and 
the heat recovered from this source is represented by item c. If no 
unburned combustibles, item b, appear in the flue gases, then the ratio 
c+d+e+f 
------- may be defined as the overall house efficiency. If un-
h 
burned combustibles, item b, do appear in the flue gases, the overall 
c+d+e+f-b 
house efficiency becomes equal to ---------
h 
4. Combustion and Overall House Efficiency.-Bonnet efficiency, 
which is a measure of the effectiveness of heat utilization in the furnace 
unit alone, and overall house efficiency, which is fairly representative 
of the effectiveness of heat utilization in the house as a whole, have 
considerable significance as far as the performance of the heating plant 
in a home is concerned. The former value is of interest in connection 
with the selection of equipment, while the latter value has a distinct 
bearing upon the fuel consumption after the equipment is installed. 
That is, a high value for bonnet efficiency insures that a large propor-
tion of the heat evolved in the furnace is made directly available for 
proper distribution in the house, whereas, a high value for overall 
house efficiency insures that a large proportion of the heat evolved 
in the furnace is ultimately utilized in offsetting th~ heat loss from the 
structure. Unfortunately, in an actual field installation, neither the 
bonnet efficiency nor the overall house efficiency can be readily de-
termined. Hence any readily measurable quantity, such as the com-
bustion efficiency, which will give some approximation of the other 
efficiencies will be of aid in making estimates of fuel consumption and 
in making field adjustments of burners, stokers, and accessory equip-
ment to provide for economical operation. 
Gas, oil, anthracite, coke, and very low-volatile bituminous coals 
can usually be completely burned, so that practically no CO, Hz, nor 
hydrocarbons appear in the flue gases. In the cases of these fuels, 
therefore, the combustion efficiency determined at the smoke outlet of 
the furnace as defined in Section 3, probably represents the upper 
limit of the bonnet efficiency. In addition, since the vagrant heat 
regain from the smoke pipe and chimney is utilized in the house, 
the combustion efficiency probably represents the lower limit of the 
overall house efficiency. 
With bituminous coals some vaporized hydrocarbons, CO, and Hz 
are usually present in the flue gases, so that the combustion efficiency, 
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as defined in Section 3, with no allO\rnnce for unburned combustibles, 
certainly represents the upper limit of the bonnet efficiency. Hydro-
carbon, CO, and Hz losses in the case of bituminous coals range from 
10 to 15 per cent, and are about offset by the heat regain from the 
smoke pipe and chimney, so that the combustion efficiency thus defined 
is fairly representatiYe of the oYerall house efficiency. 
III. FLUE GAS LOSSES 
5. Determi1wtion of Flite Gas Losscs.- Combustion efficiency in 
percentage of the heat given by the fuel is equal to 100 minus the flue 
gas losses per pound of fuel, expressed as a percentage of the calorific 
Yalue of one pound of the fuel. The total flue gas loss consists of the 
sum of the sensible heat loss in the dry flue gases formed, the loss in 
\Yater vapor formed by combustion, and the loss in water vapor ac-
companying air for combustion. The equations used in the calcula-
tion of total flue gas losses per pound of fuel burned are given in 
Appendix A. 
In the field, the flue gas losses at the smoke outlet of the furnace, 
excluding those resulting from unburned combustibles can be deter-
mined by measurements of the flue gas temperatures and C02 content 
of the flue gases, and by the use of the flue gas loss curves shown 
in Figs. 2, 3, and 7 to 10. By assuming reasonable values for the loss 
in unburned combustible (see Appendix D) and the casing loss, an 
approximation can be made of the bonnet efficiency of the unit. The 
changes in operating efficiency effected b,\· adjustments of the burner, 
the draft regulators, or the furnace baffling can thus be readily eYalu-
ated "·ith the aid of the flue gas loss curves. 
6. Flite Gas Losses for Oil-Fired Furnaces.-The values of the flue 
gas losses plotted in Fig. 2 were calculated (see Appendix A) for a 
typical fuel oil by making use of the ultimate analysis shown in 
Table 1. Variations in the ultimate analyses of various fuel oils are 
minor in nature, and do not affect the values shown in Fig. 2. 
The calculated values of the total losses in the flue gases were 
plotted against percentages of C02 as shown in the left-hand portion 
of Fig. 2. The values of the weight of moisture, Mc + M 0 , the weight 
of dry flue gases, W, the weight of air, A 1, and the percentage of excess 
air, E, have been plotted against the accompanying percentages of C02, 
as shown in the right-hand side of Fig. 2. 
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T ABLE 1 
T YP ICA L * ULTI MATE ANALYS IS FOR Fl:EL O I L 
Calorific \ 'alue = 19 500 B.t.u. per lb. 
E lcmC'11t PPr Cr11t by W f'ight 
s~ . .JI 
12.98 
0.99 
0 . 99 
0.53 
Total. 100.00 
•''A Study of the Oil Burner as Applied to D omestic Heating," by 
A. H . Senner, U. S . Department of Agricult ure , Technical Bulletin 109, 
revised 1938, p. 1 l , TublP .-,. 
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The fl ue gas loss cun·es shown in F ig. 2 exhibit some in teresting 
relationships. For instance, in the case of fu rnaces which are not 
provided with sufficient effective heating sur face, and which are fired 
at such a high rate of oil input t hat t he temperature of t he flue gases 
at the out let exceeds approximate ly 500 deg. F ., any increase in t he 
C0
2 
content of t he flue gases wi ll be accompanied by relatively large 
reductions in t he flue gas losses, and hence by large increases in the 
combustion effi ciency. On t he other hand , wit h low values of the flue 
gas temperature, t he relative changes in t he flue gas losses will be 
small , even fo r fa irly large changes in t he C0 2 content of t he flue gases. 
That is, if an oil-burning furnace is provided with sufficient effective 
heating surface fo r a given rate of oil input, so t hat t he leaving flue 
gas temperature will be low, then , with a properly adjusted burner , t he 
unit may be expected to perform satisfactorily under diverse condi-
t ions of installation in the field, even wit h fa irly wide deviations in t he 
fue l-air ratio. 
The flue gas loss curves shown in Figs. 3 and 7 to 10 for gas and 
coal are essent ially similar to t hose in F ig. 2 fo r oil , and hence t he 
discussion herein presented applies equally well to such cases. 
7. Flue Gas L osses for Gas-Fired Furnaces.-The composit ion of 
natural gas obtained from various producing fi elds varies consider-
ab ly, and some gases contain exceedingly large percentages of nit ro-
gen. For the purpose of this study t he values shown in T able 2 were 
selected as fa irly representative of the natural gas extensively used for 
domestic heating. T he curves of flue gas losses and composit ion of t he 
flue gases fo r natural gas are shown in Fig. 3. 
TABLE 2 
TYP I CA L* AKALYSIS FOR NATURAL GAS 
Calorific Value = 994 B.t.u. per cu. ft. at 60 deg. F. and 760 mm., or 22 713 B.t .u. per lb . 
C H,. 
C2 Hs. 
C02 ........... . 
N2.. ·· · ········ · ···· 
02 ........ . 
Gas 
Per Cent by 
Volume 
96.4 
1.3 
0 .9 
1.-1 
0 
Per Cent by 
Weight 
92 .8 
2.4 
2 . 4 
2 .4 
0 
•u. S. Bureau of M ines, T echnical paper 109. Analysis for Allen County, Kansas, which is 
typical of mid-continent gases. 
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!ff 
8. Flue Gas Losses for Coal-Fired Furnaces.-Specifications for 
the classification of coals by rank haYe been approYed* by the Ameri-
can Society for Testing Materials. "The specifications cover the classi-
fication of coals according to their degree of metamorphism, or pro-
gressive alteration, in the natural series from lignite to anthracite. 
The basic scheme of classification is according to fixed carbon and 
calorific value (expressed in B.t.u.) calculated to the mineral-matter-
free basis. The higher-rank coals are classified according to fixed car-
bon on the dry basis, and the lower-rank coals according to B.t.u. on 
the moist basis, that is, containing its natural bed moisture but free 
of visible surface moisture. Agglutinating and weathering indices are 
*Sectional Committee on Classification of Coals, Report: Proc. A.S.T.M. 1935. 
CO:\!BliST !Ol\ EFF!C!E:\CIE::i !:\ 00:\JE,.;T!C HEATING PLA:\TS 13 
I 
-;.. 15 
~ ~~ 10 
~I... <S~ 5 
I 
~J 
I 
) i 
I 
! I I 
I I : i 0 
0 0 
,_ -
-
0 !:> v b ' oo ~I 
v 0 I 
' 
i I io I I 
I I I 
·\;°; 0 
I ! 
-;.. 
~ ~ G 
~\.) 
I 
I 
T I_ 
i T 
I i v Q)"' ,,.. -
I I ~ ~ 4 'i~ 
::i:.~ z ~ 
~ 
I 
:..---
~ 1 
I 
I I 
I I I i I 
I I I 
I I I I 
0 
~I:: 90 
~~ 
'- \.. 80 
<9 Ci 
I 
I 
_i 0 
I 
' 
i -
~ I 
I I i io o 
-
0 i 
! '<l 0 I 'ti" i 0 -9 0 ; i ; I 
I I : 
I I 
(5~ 
-~ 70 
60 1, 
- -
h, 
°" 
I 
l 96 9Z IJl:f 1 aq. ov I 76 7Z J On;, Minera/-matter-"l'ree Fixed Carbon ti? Per Cent A th l ~ Semi- --+-.-Low VolO'file~ea'1vm Vo/O'lile n r(7ct e Anthr(7cite Bituminous Bituminous 
F1 0. 4. P1uNc1P,\L CoxsTITL'EXTS OF HIGHER-RANK CoALS 
used to differentiate between certain adjacent groups."* The classi-
fication of coals by rank is shown in Table 3. 
A series of curves, plotted to show the relationships between the 
percentages of carbon, hydrogen , and oxygen contained in the various 
coals, are presented in Figs. 4 and 5. The proximate and ultimate 
analyses of 54 different coals, ranging from anthracite to lignite , were 
se lected at random from the extensin listst given in the publications 
of the Bureau of Mines, and the Yalues for carbon, hydrogen, and 
oxygen were plotted against the ,·alues of the main distinguishing 
characteristics of the coals as defined by the classification specifica-
tions shown in Table 3. Figure 4 for the higher rank coals shows the 
relation between fixed carbon and C, H2 , and 02 , whereas Fig. 5 shows 
the relation between B.t.u. and C, H2 , and 02. The percentages of 
H2 and 02 include both the uncombined H2 and 02 and that contained 
in the moisture in the coal. 
*Reprinted from U. S . Bureau of ~lines, R.!. 3296. "Classification Chart of Typical Coals 
of the United States" by A. C. Fieldner, W. A. Seh•ig. and W. K. Frederick. 
tU. S. Bureau of Mines, R.I. 3296 , Bull. 22 , 85 , 89, 123, and T.P. 344 , 484. 
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TABLE-! 
TYPICAL l'LTIMATE .\SALYSES FOR COALS 
B.t.u. per lb. Constituents, per c('nt 
t ~l oi st I ~dincra'I- :lloist, O . lly- Asb 
matt.e r- as. Re~ T:~ 3- dro- 1 Car- Nitro- Sul- 02 + I Factor' frpel cen ·ed g gpna bona gcn4 phur4 Ash ri 1-12 + H:·rnk 
- ---- I c 
---- --- --- ----· ---
~lf'ta-A nthracite 
Anthracite 114 600 12 9 10 
Semi-Anthracite le> 200 13 770 
5.0 2.9 
5.0 3.9 
80.0 0 .9 
80.4 I. I 
0 . i 110 .. 'J 
I.I 8.5 
87. 9 1. 1308 
89.3 1. 1034 
------1--__ , ____ , ___ , ___ , ___ , ___ , ___ , ___ , ___ , ___ _ 
Low-Vol. Bit . 
~!cd.-Vol. Bit. 
High-Vol. Bit. A 
High-Vol. Bit. B 
High-Vol. Bit . C 
15 350 
15 200 
14 .'JOO 
13 500 
12 000 
1-1 340 
13 840 
13 090 
12 J:lO 
10 750 
5.0 
.5.0 
9.2 
13 .8 
21.0 
. 7 
.0 
.3 
.. ) 
.8 
81. 7 
i9 .0 
i3.2 
68.0 
60.6 
1 4 
1.4 
1.5 
I. 4 
1.1 
.2 
.• =J 
2 0 
2 . 1 
2. I 
6 .0 
8. 1 
8.8 
9.2 
9.4 
91.4 
89.0 
87. 7 
87.3 
87 .4 
.0703 
1.0980 
I. 1075 
1.1127 
1 1153 
·------1---_, ____ , ___ , ___ , ___ , ___ , ___ , ___ , ___ , ___ _ 
Sub. Bit. A 
Sub. Bit. B 
Sub. Bit. C 
IO 2.'>0 
9 000 
9 150 29.5 
8 940 35.8 
6 .2 
6.5 
52 .. =J 
46 . 7 
1.0 
0.8 
I. 0 
0 . 6 
9.8 
9.6 
88.2 
89.0 
1.1210 
1.1182 
------1---_, ____ , ___ , ___ , ___ , ___ , ___ , ___ , ___ , ___ _ 
Lignite 
Brown Coal 
.'JOO 6 900 I 44.0 I 6.!l 40 . l 0 . 0 7 .3 91. o I 1. 0876 
50 
i-.. 
f::.40 
<l, 
\j 30 
'.. ~ zo 
-~ 10 
'5"' 
0 
~ 8 ~ 6 k ~ 4 
·I?: ~2 
0 
' ~ 80 (,.) 
.,.. 70 
!\; 
'Z 60 
-~ 
~50 
~ 
I 
tFrom Figs. 5 and 6. 
2B.t. u . moist, mineral-matter-free = ( 100 ~~~l . .\sh ) (B.t.u. as recei\·cd ). 
aFrom Figs. -1 and 5. 
4F rom averages of coal analyses used. 
~By difference. 
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FIG. 6. CALORIFIC VALUES OF HIGHER-RAX K COALS OF THE UNITED STATES 
Some deviations of individual points from the average curves are 
shown, but, in genera l, well-defined curves were obtained. Average 
values of C, H 2 , and 0 2 selected from the curves for each rank of 
coal are listed in T able 4. The values of N 2 and S, not shown in 
Figs. 4 and 5, were averages obtained from the published ultimate 
analyses of the coals selected for this study. The average ash per-
t 
~ 
~ 
' 
t , - fb 
235 
335 
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535 
635 
735 
835 
935 
Flue 
Temp. 
deg . F. 
300 
400 
500 
600 
700 
800 
900 
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Flue 
T emp. 
deg . F. 
300 
400 
500 
600 
700 
800 
900 
1000 
COiVlBUSTION EFFICIE:\CIES I:\ DO:\IESTIC HEATI:\G PLA:\"T:O 
TABLE 5 
TYPI CAL S UMMARY SHEET FOR FLUE GAS LOSS E8 
(For High-V olatile Bituminous B Coa l) 
(a ) H eat Loss in Dry Flue Gas 
17 
w 9. 667 1 11.982 1 H . 297 1 16 . 602 1 18. 927 I 28. 187 I 37 . H7 
Excess Air in Per Cent 
Flue 
Temp. c. 
25 I 50 I 75 deg. F. 0 100 200 300 
---------
300 0. 242 550 682 814 94.5 1076 1604 2130 
400 0.243 787 976 1165 1352 1542 2296 3049 
500 0.245 1031 1276 1525 1770 2019 3002 3991 
600 0 . 246 1272 1576 1882 218.j 2490 3710 4930 
700 0 . 248 1523 1886 2250 2612 2980 4438 5899 
800 0 . 249 1770 21\ll 2618 3039 3463 5158 6855 
900 0 . 251 2028 2510 2999 3480 I 3970 5910 785.j 1000 0 . 253 2287 2831 3381 3928 4479 6668 8860 
(b) H eat Loss in Moisture Formed From H2 Contained in Coal 
l\1c 0.4% I 0.-195 I 0 . 495 I 0 . 495 I 0 . 495 I o . 495 I 0 . 495 I 
Excess Air in Per Cent 
h, Ji,- h j b 
25 50 I 7 5 I LOO 0 200 300 
--------- - --
1195 . 8 1162 . 8 576 576 .576 .;76 5i6 576 576 
1241 . 7 1208. 7 598 .j9R .';98 .j98 598 .';98 .';98 
128R.3 1255 . 3 622 622 622 622 622 622 622 
1335. 7 1302 . 7 645 645 645 645 64.'; 645 645 
1383 . 8 1350 . 8 669 669 669 669 669 669 669 
1432 . 8 1399 .8 693 693 693 693 693 693 693 
1482 . 7 1449 . 7 718 718 718 718 718 718 718 
1533 . 5 J.';00 . 5 743 7H 743 743 743 743 743 
(c) H eat Loss in ~·Ioisture Contained in the Air 
l\ I o 0 .0370 I 0 .0463 1 0 . 0566 I 0 .0f\48 I 0 .0741 I 0 . 1111 I 0.1482 
Excess Air in Per Cent 
h, h, - hb 
I 0 25 50 i 5 100 200 300 
- -----------
- -----
---
1195.8 105 . 3 4 5 6 7 8 12 16 
1241. 7 151. 2 6 7 9 10 11 17 22 
1288 . 3 197 .8 7 9 11 13 15 22 29 
1335 . 7 245.2 9 11 14 16 18 27 36 
1383 . 8 293.3 11 14 17 19 22 33 43 
1432 . 8 342 . 3 13 16 19 22 25 38 49 
1482 . 7 392.2 14 18 22 25 29 44 58 
1533. 5 443 .0 16 21 25 29 33 49 66 
(Concluded on next page) 
centage for each coal was obtained from the difference between 100 
-and the sum of the percentages of C, H2, 02, N2, and S. 
Figure 6 shows the relationship existing between the calorific value 
18 
Flue 
T emp. 
deg . F. 
0 
300 1130 
400 139 1 
.;oo 1660 
600 Hl26 
700 2203 
800 2476 
900 2760 
1000 3046 
Flue 
T emp. 
deg. F. 
0 
300 9.32 
400 11. 47 
500 13 . 69 
600 15 . 89 
700 18. JS 
800 20 . 40 
900 22. 76 
1000 25.10 
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TABLE 5 (COKCLUDED) 
TYPICAL SU MMARY S HEET FOR FLUE GAS LOSSES 
(For High-Volati le Bituminous B Coal) 
(d ) T otal H eat Loss in Flue Gas in B .t.u . per lb. of coal 
Excess Air in Per Cent 
2b 50 75 I 100 200 
1263 1396 1528 1660 2192 1581 1772 1960 215 1 29 11 1907 2 158 2-105 2656 3646 2232 2541 2846 3153 4382 2569 2936 3300 3671 51 40 2900 3330 3754 4 18 1 5889 3246 3739 4223 4717 6672 359.'i 4149 4700 5255 7460 
(e) T otal Heat Loss, in per cent of fuel burned 
Excess Air in Per Cent 
I 
2.5 .;o 75 100 200 
10 .40 11. 5 1 12 .60 13.69 18.09 13 .0.5 14.61 16 . 15 17. 75 24.00 15 . 72 17. 79 19 . 83 21. 90 30.06 18.4 1 20.97 23.47 26 . 00 36. 12 21.18 24.20 27 .20 30.29 42.38 23 . 90 27 .46 30.94 34.50 48.57 26. 75 30.80 34 . 81 38.89 55 .00 29.62 34.20 38 . 73 43 .30 61. 50 
Calorific value of coal = 12 130 B .t .u . per lb. 
Table (d J shows sum of values in T ables (a), (bl , a nd (c). 
300 
2722 
3669 
4642 
5611 
6611 
7597 
863 1 
9669 
300 
22. 45 
30.22 
38.29 
46.26 
54.50 
62.60 
71.19 
79. 75 
and rank for the higher ranks of coals. The solid line curve was 
superimposed on the original figure reproduced from the original 
report.* 
By making use of the average values presented in Table 4 the 
flue gas losses were determined for each coal. The typical calculation 
sheet shown in Table 5 is for a high-volatile bituminous B coal. A 
summary table showing values used in the preparation of the calcu-
lation sheet and the flue gas loss curves is presented in Table 7. The 
calculated flue gas loss curves for anthracite, medium-volatile bitumi-
nous coal, high-volatile bituminous B coal, and lignite, respectively, are 
shown in Figs. 7, 8, 9, and 10. The differences in the quantities shown 
by the curves for the four cases are not large. Hence, for coals having 
a rank between those shown, interpolations can be made without the 
introduction of appreciable errors. 
•Loe. cit., U . S. Bu reau of Mines , R.I. 3296. 
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APPENDIX A 
C ALCULATION OF FLUE GAS LOSSES 
The total flue gas loss consists of the sum of the following items : 
H = WC v(l , - tb) 
H c = M c(h, - h1b) 
Ha = l\1a(h, - hb) 
(1) 
(2) 
(3) 
in which: 
H = loss in dry flue gases formed, B.t.u . per lb. of fuel burned. 
'" = weight of dry flue gases form ed , lb. per lb . of fuel burned. 
Cp = specific heat of products of combustion, B.t.u. per lb. 
t, = temperature of flu e gases at t he smoke out let of t he fur-
nace, deg. F. 
lb = temperature of basement air , deg. F. 
H c = loss in water vapor formed by combustion, B. t. u. per lb . of 
fuel burned . 
l\fc = weight of moisture formed from total hydrogen in fuel , 
lb. per lb . of fuel burned. 
h, = en thalpy of superheated steam at temperature l , and average 
vapor pressure of 1 lb . absolute, B.t.u. per lb . 
h
1
b = enthalpy of liquid at temperature lb, B.t.u . per lb. 
Ha = loss in water vapor accompanying air for combustion, B .t.u . 
per lb. of fuel burned. 
Ma = weight of moisture accompanying air for combustion, lb. 
per lb. of fuel burned. 
hb = enthalpy of superheated vapor at temperature tb, B.t.u . per lb. 
By assuming different percentages of excess air , the values of Vil, 
Mc, and Ma were computed (see Appendix C) for conditions of com-
plete combustion from the following equations : 
4.33 [ ( 0 2 )] A = lOo 2.67C + S + 8 H2 - S 
Ai = A (1 + __!_:) 100 
Na= 0.769Ai 
N 
Ni= Na+ 100 
(4) 
(5) 
(6) 
(7) 
22 ILLINO IS E!\Gl:\"EEH!XG EX P E Rll\!E:\"T STATl01' 
3.67C 
C02 = (8) 
100 
28 
802 = -- (9) 
100 
0.231AE 
Oa = (10) 
100 
W = ~' + C02 + 802 + Oa (11) 
9H2 
Mc = -- (12) * 
100 
:vc = 
A,Rrn. 
(13) 
100 
in which: 
A = theoretical weight of air for complete combu,.;tion (without 
excess), lb . per lb . of fuel burned. 
A, = total weight of air including assumed exces,.;, lb . per lb . of 
fuel burned . 
C = carbon in fu el, per cent by weight. 
8 = sulphur in fuel, per cent by weight. 
H2 = t otal hydrogen in fuel, per cent by weight. 
02 = total oxygen in fu el, per cent by weight. 
E = excess air, per cent by weight. 
N. = weight of nitrogen in a ir used for combustion, lb . per lb . of 
fu el burned. 
N , = total weight of nitrogen in flu e gas, lb. per lb . of fuel burned. 
N = nitrogen in fu el, per cent by weight. 
C0 2 = weight of carbon dioxide in flu e gas, lb. per lb. of fuel burned. 
802 = weight of sulphur dioxide in flue gas, lb . per lb. of fuel burned . 
Oa = weight of oxygen in flue gas, lb. per lb. of fu el burned. 
M1 = moisture in fuel, per cent by weight. 
R = relative humidity of air used for combustion , per cent. 
m a = weight of moisture, in saturated air, at the temperature tb, 
lb . per lb. of air. 
*Tn case the analysis shows the free water in the fuel in terms of H2 and 02, this item 
should be calculated from Equation (12) and the total H2 given in t he ana lysis. 
In case the analysis shows a break down of the free water and the H2 and 02 inherent in 
the fuel, this item should be M , = 9H' ,;t. Mt , in \\'hich H2 is the H2 gi,·en by the analysis as 
inherent in the fuel. 
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TABLE 6 
MEAN Hrt:ctFIC HEATS OF DRY FLm: GAS 
(.:\[ean spe('ifi c heat bC'twren 65 deg. F. and t,) 
FluP Gas TPmp., t, 
deg . F. 
Cp 
Oil Coal and Gas 
300 ....... . . 
400 .................... . 
.500.... . . . ... . ... . . .. . . . 
600 .... " . . ..... .. ... . ......... . ....... . .. 
700... ... .. ....... .. 
800......... . .. . 
900 .......... . 
1000 ........ . ... ... .... . 
0.24~ 
0.244 
0 . 246 
0.247 
0.249 
0.2.50 
0.252 
0.2.54 
0 2l2 
0 24:3 
0 245 
0 246 
0 248 
0 249 
0 251 
0 25:3 
The numerical values for enthalpy at various temperatures ranging 
from 65 deg. F. to 1000 deg. F . were obtained from standard* tables. 
The values for the specific heat of dry flue gas, Ci>, used in Equa-
tion (1) were calculated from data on mean specific heats of various 
gases at different t emperatures as given by J usti and Lii.der. t The 
mean specific heat for the flue gases resulting from the combustion 
of the fu el are shown in Table 6. The table gives mean specific 
heats at constant pressure for temperatures between 65 deg. F. and 
the indicated flue gas temperature, t,. A more detailed discussion 
is presented in Appendix B. 
The values of (Mc+ M a), W, A,, and E have been plotted against 
the accompanying percentages of C02, as shown in the right-hand 
side of Figs. 2, 3, 7, 8, 9, and 10. 
The total loss in the flue gas in B.t.u. per lb . of fuel burned is 
equal to the sum of H , He, and Ha as calculated from Equations (1), 
(2), and (3). The total loss expressed in per cent of the heat evolved 
from the fu el was obtained from the following equation: 
in which: 
100 (H +He + H a) 
L=------
F 
(14) 
L = total loss in flue gas, per cent of the heat produced by fuel 
burned. 
F = calorific value of fuel, B.t.u. per lb. 
The calculated values of the total loss in the flue gases were 
plotted against percentages of C02 as shown in Figs. 2, 3, 7, 8, 9, 
and 10. 
*"Thermodynamic P roperties of Steam" by J . H. K eenan and F. G . Keyes. 
tForschung, Vol. 6, p. 209, 1935. 
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APPENDIX B 
S P ECI F I C H E A T O F FLUE GASES 
As indica ted in Appendix A th e specific heat of dry flu e gases, 
C p, shown in T able 6 were ca lculated from data by J us t i and Liider . * 
Th e origina l da ta gave the mean specific heats for va rious gases 
between 0 deg. C. and t he temperature, t, in deg. C . Th e mean 
specific heat of t he flu e gases for t he temperat ure range from 0 
deg. C. and t deg. C. was ob tain ed from t he foll owing equation: 
c = N 2(Cp)K + 0 2(Cp)o + C0 2(Cp)co, + S02(Cp) so, 
p I\2 + 0 2 + C0 2 + 802 
In order to obta in th e mean specific heat between 65 deg. F. and 
t deg. F . the values obta in ed from t he preceding equ ation were sub-
st ituted in th e foll owing: 
[cp]1 (t - 65) = [cp]' (t - 32) - [cp]65(65 - 32). 
u n n 
Th e values of t he mean CP for t he temperature ra nge of 65 d eg. F. 
to t deg. F. have been lis ted in Table 6. 
A study of t he va ria tions in specific heat of t he flue gases as 
a ffected by t empera ture, excess a ir, and ultima te a na lysis of t he 
fu el indicated t hat t he specific heat va ried a ppreciably wi t h t he 
t empera ture, but was pract ica lly independent of bot h the percentage 
of excess air and t he type of fu el burned . For any given tempera-
t ure t, t he variations in t he mean cp of the flue gases for widely 
va rying percen tages of excess a ir a nd for widely va ry ing types of 
fu el were only di scernible in t he t hird significant figure. 
APPE NDI X c 
P R OD UCT S OF C OMB USTION 
T able 7 presents a summary of t he products of combustion ob-
tained from the burning of oil , na tural gas, and coa ls, with va rious 
percen tages of excess a ir supplied to the fu el. The va lues of excess 
•Forschung , Yo!. 6, p. 209, 1935. 
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Exress Wright of 
Fuel Air, E, Air, A1, lb . per per cent lb . fuel 
0 10.90 
25 13 .62 
Low-Volatile 50 16.3.'l 
Bituminous 75 19 . 07 
100 21.80 
200 32. 70 
300 43 .60 
0 10 . 71 
25 13 . 39 
Medium-Volatile 50 16 .07 
Bituminous 75 18. 75 100 21.42 
200 32 . 13 
300 42 . 84 
0 10 .00 
25 
High-Volatile 
12 .25 
50 
Bituminous 
15.00 
75 17 .50 
A 100 20.00 
200 30.00 
300 40.00 
0 9.26 
25 11. 57 
High-Volatile 50 13 .89 
Bitumin011s 75 16 .20 
B 100 18 .52 
200 27. 78 
300 37.04 
---
Excess Weight of 
Fuel Air,E, 
Air, Ar, 
lb . per per crnt lb . fuel 
() 8 . 20 
2.'> 10 .25 
High-Volatile 50 12 . 30 
Bituminous 75 14 . 35 
c 100 16 . 40 200 24.60 
300 32 .80 
0 6.98 
2!) 8. 73 
Sub-bituminous 
50 10 .47 
B 
75 12 .2 1 
100 13. 96 
200 20.94 
300 27.92 
0 6 . 12 
25 7 .65 
Sub-bituminous 50 
9.18 
c 
75 10 . 71 
100 12 .24 
200 18.36 
300 24.48 
0 5.16 
25 6.45 
.50 7 . 74 
Lignite 75 9.03 100 10 .32 
200 15 . 48 
300 20.64 
TABl.E 7 (CONTINUED) 
PRODUCT C S OF OMBUSTI01' 
Weight of Moisture, lb . 
ln Fu('I and In Air, Total, 
:11. Produced, :-.1. + :11, ;\l e 
---
0.044 0.423 0 . 467 
0 .054 0 .423 0 . 477 
0.065 0 .423 0.488 
0.076 0 . 423 0.499 
0 .087 0 . 423 0.510 
0 . 131 0 . 423 0 . 554 
0 . 155 0 . 423 0.578 
0 .043 0 . 4.'lO 0 . 493 
0.054 0 . 450 0 . 504 
0 .06.5 0 . 450 0 . :) 15 
0.07.> 0 .450 0.525 
0.086 0 .450 0.536 
0 . 129 0 .4.50 0.579 
0.172 0 .450 0.622 
0 . 040 0.477 0.517 
0.049 0 . 477 0.526 
0 .060 0 . 477 0.537 
0.070 0 .477 0.547 
0.080 0 . 477 0.557 
0 . 120 0 . 477 0 .597 
0 . 160 0 . 477 0.637 
0.037 0.495 0 .533 
0.046 0 .495 0.541 
0.056 0 . 495 0.551 
0.065 0 .495 0.560 
0.074 0 . 495 0.569 
0 . 111 0 . 495 0.606 
0.148 0 .495 0.643 
T ABT.E 7 (CONCLUDED) 
PRODU<'TS OF CoMsusTIOK 
Weight of Moisture, lb . 
In Fuel and In Air, Produced, Total, ivl(I M, M. + M , 
0.033 0.522 0.555 
0.041 0 . 522 0 .563 
0 .049 0 . 522 0 .571 
0 .057 0 . 522 0.579 
0.066 0 . 522 0.588 
0.098 0 522 0.620 
0 . 13 1 0 . 522 0 . 653 
0.028 0.558 0.616 
0.03.'j 0 .. 558 0.623 
0.042 0 . 558 0.630 
0 .049 0 . 558 0.637 
0.059 0 . .>58 0 .647 
0.084 0 .. 558 0 .672 
0 . ll2 0 .558 0 . 700 
0 .025 0.595 0 .620 
0 . 031 0 .595 0 .626 
0.037 0 . 595 0.632 
0 .043 0 . 595 0 .638 
0.049 0 .595 0.644 
0.073 0 . 595 0.668 
0 .098 0 . 595 0.693 
0.021 0 . 621 0.642 
0 .026 0 . 621 0.647 
0.031 0 . 621 0.652 
0 . 036 0 . 621 0.657 
0 .041 0 .621 0.662 
0.062 0 . 621 0.683 
0 . 083 0 .621 0 .704 
-
-
--
- -
Weight of Fluf' Gas Composition , prr cf'nt hy ,·olumt> 
Dry Flue 
Gas, - -
w 
lb . per co, o, 
lb . fuel 
RO, N2 
----
---
--
11 .. 12 18 .49 0 0 . 11 81 .10 
14 . 11 14 . 72 1 . 26 O.Ofl 80 . 9:l 
16 .87 12 .2:i i .or. 0.07 so . 6.'> 
19 .59 10 . 4.') 9.06 0 .06 80 .4:l 
22.33 fl. 12 10 . .54 0 .05 80.29 
33.22 (\.06 14 .00 0 .04 79 . 90 
44 . 12 4 .. 53 15 . 71 0.03 79 . 7:l 
-
·--
-
1l . 18 18. 24 0 0. LI s1 . 60 
13 .84 14 . 5 1 4 . 26 0 . 0fl 8 1. 14 
16 .52 12 .04 7.08 0.07 80.8 1 
19 . 20 10 . 29 9 . 09 0 . 06 80 .. 56 
21.88 8.9fl 10 .58 o.o,; 80.38 
32.60 5.96 14 .00 0 .04 80.00 
43 . 29 4 . 46 15 . 74 0 . 03 79 . 77 
10 . 42 18 . 13 0 0.15 81.n 
12 . 93 14 . 41 4.25 0.12 8 1. 22 
15 . 42 11. 90 7 .04 0.10 80.90 
17 .92 10.22 9.08 0 .08 80.62 
20 . 42 8.93 10.56 0.07 80.44 
30.42 5.92 14 .02 0.05 80.0 1 
40.42 4 . 43 15 . 74 0.04 79. 70 
9.67 18. 16 0 0 . 22 81.62 
11. 98 14 .46 4 . 26 0.18 SL. JO 
14 .30 12 .00 7.07 0 . 14 80. 79 
16 .60 10 . 26 9.08 0 . 12 80.54 
18.93 8.96 10 .55 0 . 11 80.38 
28.19 5.94 14 .02 0.07 79.97 
37.45 4 . 44 15 . 72 0 . 05 79 . 79 
-- - -
-
- --
Weight of Flue (;as Composition, per re nt by volume 
Ory Flue 
-
-
-
Gas, 
w, 
lb . per co, o, so, N2 
lb. fu el 
- - ·-
8.58 18.32 0 0.25 
8 J . 4:l 
10 . 63 14 .. 57 4 . 25 0 . 20 
so.m; 
12 .66 12 . 10 7 .06 0.16 80.68 
14 . 73 10 . :35 9 06 0 . 14 
80.4!1 
17 .07 9 . 04 10 .56 0 . 12 80.28 
24 . 97 6 .00 14 .01 0 .08 79 .91 
33.16 4 .49 15 . 74 0 .06 
79. 71 
-
----
7 . 32 18.57 0 0 . 13 8 1.30 
9 .08 14. 75 4 . 24 0 . 10 80.9 1 
10 .80 12 .28 7 .06 0 . 08 80.58 
12 .55 10 . 51 9.06 0.07 80.3f\ 
14 .30 9.16 10 . 5~ 0.06 
80.n 
21. 27 6.08 13 . 99 0.04 79 Sfl 
28.27 4.55 15 . 72 0.03 79. 70 
(i.44 18 . 77 0 0 .09 81 . 14 
7 .97 14.95 4. 22 0.07 80. 76 
9.50 12 . 40 7 .05 0.06 80. 49 
11. 03 10 . 62 9.04 0.05 80.29 
12 .. 56 9 . 27 10 . 53 0 .04 80. 16 
18.68 6 . 16 13 . 99 0.03 79.82 
24.80 4 .62 15. 70 0 .02 79 . 66 
5 . 47 18 .99 0 0. 17 80 . 84 
6. 76 15. 14 4.22 O. H 80.50 
8.05 12 .59 7 .02 0 . 11 80 . 28 
9 .34 10 . 78 9 . 00 0 . 10 80. 12 
10.63 9.41 10 .48 0 .09 80.02 
15 . 79 6.26 13 .96 0.06 79 . 72 
20.94 4 .69 15 .69 0 .04 
79 .58 
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28 
air together with the weights of a ir, moisture, a nd dry flue gas have 
been plotted on Figs. 2, 3, and 7 to 10. 
A study of the relationship between the C0 2 a nd the excess a ir 
for the various fu els indicates that a given percentage of C0 2 is not 
necessarily an index of excess a ir t hat applies to a ll fuels. For 
example, 50 per cent excess air for oil, gas, and a nthracite are ac-
companied by C02 percentages of 9.9, 8.4, and 12.8 respectively. 
As the free H 2 content of the fu el increases, a given percentage of C02 
indicates a smaller percentage of excess a ir, a nd the sum of the per-
centages of t he oxygen bearing constit uents, (C0 2 + 0 2 + 802), 
decreases. The latter sum is a lso of interest in checking the Orsat 
readings obtained by a n analysis of the flue gases. As shown by 
Fig. 11, the sum deviates from 20.9 per cent as the free H 2 content 
increases, and, for any given fu el, a pproaches 20.9 per cent as t he 
percentage of excess a ir increases. 
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APPENDIX D 
Loss R ESULTING FROM COMB USTIBLES IN FLUE GASES 
The curves of flue gas losses shown in Sections 5 to 8 a re based 
on the assumption that complete combustion occurs, and that no 
combustibles appear in the analysis of the flu e gases. If the flue 
gas analysis indicates the prese nce of combustibles, the additional 
losses incurred should be taken into account. As a rule, CO is the 
only combustible considered in routine analysis. 
Figure 12 shows the loss in B.t.u . per lb . of carbon in the fu el 
with varying amounts of C0 2 an d CO a ppearing in the flu e gases. 
The curves in Fig. 12 were computed from t he equation: 
co ) 
He = 1016o( co2 +co ' 
in which: 
He = heat loss, B.t .u. per lb. of carbon appearing in the flue gases. 
CO = CO in the flu e gases, per cent by volume. 
C0 2 = C02 in the flu e gases, per cent by volume. 
10 160 = heat given up by burning to C0 2 the amount of CO con-
taining one lb. of carbon, B.t. u . 
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FIG. 12. Loss RESULTING FttoM U::->BUHNED CO IN FLUE GAs 
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In case CO appears in the flu e gases, the B.t.u. loss per lb . of 
carbon may be read from the curves, and the loss in per cent of the 
calorific value of the fu el may be obtained from the following 
equation: 
B.t. u. per lb . of carbon X lb. carbon per lb . of fuel 
Per cent loss = ---------------------
B.t. u. per lb . of fuel 
It is not unusual for CO in the flu e gase,,; to be accompanied by 
at least the same percentage of H z. The calorific value per cu. ft. 
of H 2 is practically the same as t hat of CO. Hence, the loss from 
H2 in the flue gases may be of the same order a,,; that from CO, if 
the latter appears in the analysis and no furth er analysis i,,; made 
to determine the actual amount of H 2 present. 

